Abstract: Hybridization between shortleaf (Pinus echinata Mill.) and loblolly pine (Pinus taeda 1 L.) has dramatically increased and may threaten the genetic integrity of shortleaf pine. Shortleaf 2 pine is presumed to be more drought tolerant than loblolly pine but the drought hardiness of the 3 hybrid pine is not known. We determined biomass partitioning in response to water stress and 4 measured whole-plant transpiration of shortleaf, hybrid, and loblolly pine seedlings. Water stress 5 decreased total seedling biomass, increased biomass partitioning to foliage, and decreased 6 biomass partitioning to coarse roots. Shortleaf pine seedlings partitioned more biomass to coarse 7 roots than loblolly pine and hybrid pine was intermediate between the parent species. We found 8 no differences in the level of soil moisture at which seedlings of different species began to limit 9 transpiration. Our results suggest that the transpiration response of shortleaf pine and hybrid pine 10 is similar to loblolly pine when exposed to water stress. However, greater partitioning to coarse 11 root may allow shortleaf and hybrid pines to better withstand drought due to greater potential 12 belowground carbohydrate supply. 
. Shortleaf pine is slower growing than loblolly pine (e.g., Dipesh et al. 2015) 40 which is perhaps a tradeoff related to greater drought tolerance (Parsons 1968) . In Scots pine 41 (Pinus sylvestris L.), genotypes with slow growth rates also had higher drought tolerance D r a f t 5 hybrid pines don't possess a basal crook that is an important adaptation for shortleaf pine to 63 resprout following topkill (Lilly et al. 2012a ). However, little is known regarding the drought 64 tolerance of shortleaf x loblolly pine hybrids. This is especially important given future climate D r a f t 6 biomass partitioning to water stress of hybrid pine seedlings to both loblolly and shortleaf pine 86 seedlings. In regards to biomass partitioning, we hypothesized that regardless of water 87 availability, shortleaf pine seedlings would partition more to roots while loblolly pine would well-watered conditions. We hypothesized that shortleaf pine would exhibit a more isohydric 94 response, i.e., greater stomatal closure during water stress to maintain internal water status, than 95 loblolly pine and reduce its NTR at higher soil moisture content during soil drying, with hybrid 96 pine's response intermediate.
98

Material and Methods
99
Shortleaf pine, loblolly pine, and shortleaf x loblolly pine hybrid seeds were produced at 100 the Oklahoma Forestry Services seed orchard in Idabel, OK, USA (33.8942, ). Both 101 shortleaf pine and loblolly pine seeds were collected from open pollinated cones for six shortleaf 102 and six loblolly pine clones. Hybrid pine seeds were created through controlled pollination of six 103 of the loblolly pine and five of the shortleaf pine clones. Eight hybrid families were produced 104 from the crosses. Shortleaf pine pollen was used to fertilize loblolly pine. Seeds were collected 105 from cones and stored in a -20 °C freezer.
106
On 24 January 2013, seeds were removed from the freezer and allowed to soak in water 107 for 12 hours at approximately 4 °C. After 12 hours, seeds that sank were placed in stratification.
D r a f t
To stratify, seeds were wrapped in a moist paper towel, placed in a plastic bag, and then put in a 109 refrigerator at 4 °C for 75 days. watered until water drained from the bottoms.
118
In total, there were eight hybrid pine full-siblings families, six loblolly pine half-sibling 119 families, and six shortleaf pine half-sibling families. Each family was planted in four pots with 120 (4-5 seeds per pot) on 10 April 2013 in a greenhouse in Stillwater, OK, USA (36.119379,
121
−97.104179). In total, 80 pots were planted. Each pot had a matching partner of the same family, 122 yielding 40 pairs. Partner pots were placed adjacent to each other on greenhouse benches along a 123 north-south axis. Throughout the study, no supplemental light was provided.
124
Pots were watered daily with a fine mist until seedlings established, at which point they
125
were watered every-other day until the beginning of the experiment. Seedlings were treated 126 every 14 to 21 days with a (24-8-16) NPK fertilizer with micronutrients (B, Fe, Cu, Mn, Mo, Zn)
127
(Scotts Miracle Grow Products Inc, OH, USA). Fertilizer was applied by watering until water 128 drained from the pots using a fertilizer concentration of 0.66 ml l -1 .
129
All germinants were allowed to grow until July 2013, at which point the hardiest seedling
130
was selected and the others were either gently removed from the soil or clipped. water-stress period, we measured total height (to the nearest mm) and ground line diameter
139
(GLD; to the nearest 0.1 mm).
140
The seedlings were exposed to three episodes of water stress: the first from 4 September After the initial three days of the dry down period, well-watered pots were returned to 179 their initial weights minus 100 g every-other-day. Water-stress treatment pots were given no 180 water until their NTR reached 0.10. When a water-stress treatment pot reached 0.10 NTR, the 181 soil was assumed to have no transpirable soil moisture left (Sinclair and Ludlow 1986) . At this 182 NTR, pots were periodically provided minimal water as described above based on pot weight 183 corresponding to VWC of 2%.
184
The fraction of transpirable soil water (FTSW) was calculated using Equation 2 The NTR was plotted against FTSW for each water-stressed seedling and the points were 190 fit into a segmented regression using SAS 9.3. During the early part of the dry down, the first 191 line segment was fairly horizontal, as the NTR was fairly constant at high soil water content.
192
During the later stages of the dry down, the second line segment sloped downward because the indicated the FTSW at which transpiration began to decline.
196
The FTSW corresponding to the 'join' was used as the experimental variable in a one-
197
way ANOVA with species as the main effects (n=16 for hybrid pine, n=12 for loblolly pine, 
Results
216
Both species (p < 0.04) and water treatment (p < 0.001) significantly affected ground line 217 diameter (GLD) growth during the course of the water-stress treatments. pine (21.1 ± 4.4 mm) and shortleaf pine seedlings (28.1 ± 5.6 s.e. mm).
227
Because of these differences in growth, size at harvest also differed due to species (p = affected by the water-stress treatment, but loblolly pine seedling heights were not (Fig. 1) .
235
Water-stress treatment shortleaf pine seedlings were 36% shorter than their well-watered siblings
236
(p < 0.0001) and hybrid pine seedling height was 13% lower (p = 0.05). In contrast, loblolly pine 237 seedling height was not significantly diminished by water stress (5% reduction) (p = 0.46).
238
Loblolly pine and hybrid pine seedlings had more biomass at the end of the experiment hybrid pines (51.6 g) were both larger than for shortleaf pine (40.3 g) ( and foliage biomass (24% less) compared to the well-watered treatment seedlings (p < 0.0001)
253
( Table 1) .
254
When measured at final harvest, the slope of relationship between ln(total biomass) and 255 ln(fine root) did not statistically differ among species or water treatments (Table 2 ; Fig. 2a ).
256
When the amount of fine root per total biomass was compared to the mean total biomass 257 (LSMean), differences for fine root biomass were not statistically different between species or 258 water treatments (Table 3; Table 4 ) indicating that partitioning to fine root was similar among 259 seedlings in the study.
260
For coarse root biomass, the slope of the relationship between ln(total biomass) and 261 ln(coarse root) did not statistically differ among species or treatments (Table 2 ; Fig. 2b, c between ln(total) biomass and ln(stem).
276
The slope of the relationship between ln(total biomass) and ln(branch) did not statistically 277 differ among species or treatments (Table 2 ; Fig. 2e ). There was a significant interaction between 278 species and treatment when comparing LSMeans (Table 3 ). The interaction occurred because seedlings had 5% and 10% less, respectively, in branch biomass for the water-stress seedlings 282 (Table 4) .
283
The slope of ln(total biomass) and ln(foliage) did not statistically differ between species 284 or treatments (Table 2 ; Fig. 2f ). Water-stress treatment significantly increased partitioning to 285 foliage by 5% (Table 3; Table 4 ). Partitioning among species did not statistically differ.
286
During the third water-stress period, the normalized transpiration rate (NTR) was initially 287 stable as the fraction of transpirable soil water (FTSW) declined. When the seedlings began to 288 limit transpiration in response to soil drying, NTR declined linearly. Figure 3 for pure loblolly pine. Alternatively, the perception of differences in drought tolerance between 307 loblolly and shortleaf pine might be overstated and confounded with previous fire history as 308 drier, more xeric sites were more likely to burn which favors shortleaf pine (Stewart et al. 2015) .
309
The reduction in growth due to water stress we measured was consistent with previous 310 research on loblolly pine seedlings (e.g. Teskey et al. 1987; Torreano and Morris 1998 water-stressed seedlings could be related to differences in fine root turnover or pot confinement.
341
However, Hallgren et al. (1991) found no evidence that moisture stress altered fine root mortality 342 in loblolly pine seedlings and our pot sizes (6.59 liter) were relatively large compared to our 343 seedlings and should not have interfered with root biomass growth.
344
Partitioning to coarse root exhibited differences between species as we hypothesized
345
(shortleaf > hybrid > loblolly). Shortleaf pine is a species that tolerates fire and is presumably 346 more drought tolerant than loblolly pine (Lawson 1990 Kuhns and Gjerstad (1988) found that loblolly pine seedlings 363 exposed to water stress allocated little newly fixed carbon to their root system.
364
Loblolly pine partitioned more biomass to stem than shortleaf or hybrid pine when 365 compared at similar seedlings size, which indicates that loblolly pine may invest more resources 366 to outgrow competition aboveground during the first year. While this difference in stem biomass 367 partitioning declined in larger seedlings, it could be an important feature of a young seedling's 368 development. The stem stores less NSC than fine and coarse roots in southern pine (Gholz and 369 Cropper Jr 1991). Therefore, the shift in partitioning to stem from coarse root in loblolly pine 370 might decrease the ability of loblolly pine seedlings to withstand drought as compared to 371 shortleaf and the hybrid pines. Biomass partitioning to stem has been shown to decrease under 372 water-stressed conditions (Ledig et al. 1970 ). However, we found no effects of drought on 373 partitioning to stem in our study.
374
Partitioning to foliage increased in water-stress treatments which was likely an effect of 375 decreased coarse root biomass in water-stressed seedlings. As partitioning is zero-sum, if coarse 376 root biomass decreases, biomass in another component must increase on a relative basis and the 377 foliage component was probably least affected by water stress. Late season drought does not 378 affect needle biomass with the same intensity as early season drought (Dougherty et al. 1994 
